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The loach Misgurnus anguillicaudatus (Teleostei: Cobitidae) is a gonochoristic diploid 2 with 2n = 50 chromosomes and it reproduces sexually, but clonal diploid lineages have 3 been found in the northern area of Hokkaido Prefecture and the Notojima Island of 4 Ishikawa Prefecture, Japan (Morishima et al., 2002 (Morishima et al., , 2008a . These clonal diploid 5 loaches are essentially all-female and generate unreduced diploid eggs by premeiotic 6 endomitosis, i.e., chromosome doubling without cytokinesis (Itono et al. 2006) . Most 7 clonal diploid eggs initiate gynogenetic development after fertilization by sperm of 8 sympatric sexually reproducing wild-type males, whereas some incorporate the sperm 9 nucleus into the egg to develop as triploid animal (Itono et al., 2007) . Genetics and 10 atypical reproduction of clonal diploid and other polyploid Misgurnus loaches have been 11 reviewed by Arai and Fujimoto (2013) . 12
Interspecific hybridization is considered to be involved in the origin of unisexual 13
vertebrates, which atypically reproduce by parthenogenesis, gynogenesis 14 (sperm-dependent parthenogenesis), or hybridogenesis, and this is often accompanied 15 by polyploidy (reviewed in Dawley, '89; Vrijenhoek et al., '89; Vrijenhoek, '94) , although 16 nonhybrid origins were recently reported in parthenogenetically reproducing lizard 17
Lepidophyma genus (Sinclair et al., 2010) . Hybridization often causes a disruption of 18 regular meiosis because of unsuccessful pairing between non-homologous chromosomes 19 derived from different species, and it often results in sterility, but it seldom induces 20 atypical gametogenesis and unusual modes of reproduction in fish species (Dawley et 21 al., '85; Fujimoto et al., 2008) . Examples of unisexual fish with an apparent hybrid 22 origin are included in the genera Poecilia, Poeciliopsis, Menidia, Phoxinus, Squalius, 23 Carassius, and Cobitis (reviewed in Dawley, '89; Vrijenhoek et al., '89; Gui and Zhou, 24 2010; Collares-Pereira et al., 2013) . Recent large-scale multi-locus analyses revealed the 25 hybrid origin of asexuality, establishment of clones in different ploidy levels, and effect 26 of asexual complexes to the initiation of clonality and polyploidy in Cobitis loach, 27 different members of the family Cobitidae (Janko et al., 2012) . In the Misgurnus loach, 28 however, a relationship between clonal reproduction in certain diploids and 29 hybridization is ambiguous, because M. anguillicaudatus has been identified as a single 30 species entity (Saitoh, '89) . 31
There are two major groups of Japanese M. anguillicaudatus, namely, A and B, 32 which are further clustered into two sub-groups, B-1 and B-2, based on highly 33 differentiated sequences (average sequence divergence, 13%) of the mitochondrial DNA 34 control region (mtDNA-CR) (Morishima et al., 2008a) . Similar inter-generic equivalent 35 diversity has also been observed in M. anguillicaudatus (Koizumi et al., 2009) , in which different mtDNA regions, particularly cytochrome b sequences, were analyzed, and a 1 large genetic divergence was observed (average sequence divergence, 15 -18%). 2 However, recent molecular phylogenetic studies strongly suggest that the entire 3 mitochondrial genome of group B Misgurnus must have originated from the ancestral 4 loach genus Cobitis through introgression; thus, the presence of two different lineages 5 diverging early in the speciation process within M. anguillicaudatus is highly spurious 6 (Slechtova et al., 2008; Kitagawa et al., 2011) . The hypotheses about the mitochondrial 7 introgression are supported by the recent analyses of the complete mitochondrial 8 genomes of different polyploid M. anguillicaudatus (Zhou et al., 2014) . Although these 9 results raise the question of genealogy based on previous mtDNA analyses (Morishima 10 et al., 2008a; Koizumi et al., 2009 ), the presence of two different groups in the Japanese 11
wild populations have also been demonstrated by using allozymes (Khan and Arai, 12 2000) and microsatellite analyses (Arias-Rodriguez et al., 2006) . Recent molecular 13 phylogenetic studies on Misgurnus from the Far Eastern region of Russia also 14 suggested the presence of different species within M. anguillicaudatus (Perdices et al., 15 2012 ). Disruption of normal meiosis and subsequent gametogenesis was also reported in 16 inter-populational M. anguillicaudatus hybrids between group A females and group B 17 males as in atypical reproduction occurred in inter-specific hybrids: most hybrids 18 generated unreduced diploid and other types of unusual gametes (Arias-Rodriguez et al., 19 2009 , 2010 . All these studies support the hybrid-origin theory for the occurrence of 20 gynogenetically reproducing clones in nature. 21
In natural triploid loaches arising from the spontaneous incorporation of a haploid 22 sperm nucleus from a wild-type diploid into an unreduced diploid egg of clonal lineage, 23 haploid eggs are formed by meiotic hybridogenesis: one of the two different 24 chromosome-sets (haploid genome) of the clone preferentially pairs with the genetically 25 similar haploid set from a sperm donor to form bivalents and then they produce haploid 26 gametes by regular meiosis, but another haploid set of the clone is eliminated before 27 meiosis because of the low pairing affinity between the two haploid genomes of the clone 28 (Morishima et al., 2008b) . This unusual pattern of meiotic hybridogenesis also suggests 29 that the genomic constitution of the clonal loach might be heterozygous because of its 30 presumptive hybrid origin. 31
All the above-mentioned results support the involvement of hybridization in the 32 origin of clonal diploid loaches in nature, but direct genetic evidence has not been 33 obtained so far. In the present study, we analyzed sequences of the nuclear genes, RAG1 34 (recombination activating gene 1) and IRBP2 (interphotoreceptor retinoid-binding 35 protein 2), which have been utilized for molecular phylogenetic studies in Cypriniformesfishes, including loach species (Slechtova et al., 2008; Saitoh et al., 2010; Perdices et al., 1 2012) , in putative clonal diploid loaches and wild-type diploid loaches from different 2 localities. Here, we demonstrate that the sequences of the RAG1 and IRBP2 genes can 3 be classified into two different clades, which closely correspond to two groups that were 4 previously observed in mtDNA-CR sequences. We then show that clonal diploid 5 specimens with clone-specific mtDNA-CR sequences and microsatellite genotypes are 6 heterozygotes possessing two different alleles from diverse clades at both RAG1 and 7 IRBP2 loci, indicating the hybrid origin of clonal lineage. Morishima et al., 2008b Morishima et al., , c, 2012 in order 23 to find out clonal individuals with genotypes identical to those of the reference control 24 samples of clones 1, 2, 3, and 4. These five loci were used to genotype progeny of clone 1 25 in Morishima et al. (2008b Morishima et al. ( , 2012 Candidates of clones were further examined by RAPD (random amplified 27 polymorphic DNA) fingerprinting using three different random primers, Wako-01 28 (Arbitorary Primer set A-01, Wako, Osaka, Japan), OPA-11 (Kit A-11, Operon 29
Technologies, Alameda, CA, USA) and OPA-12 (Kit A-12) according to the procedures 30 described by Itono et al. (2006 Itono et al. ( , 2007 and Morishima et al. (2008a) . The other specimens 31 without clone-specific mtDNA-CR haplotype, clonal microsatellite genotypes and clonal 32 RAPD fingerprints were conveniently categorized to wild-type diploids, although the 33 bisexual reproductive mode was not individually confirmed by reproduction 34
experiments. 35
For microsatellite genotyping, PCR was performed with a 10 μL mixture containing Electrophoresis was carried out using ABI PRISM 3130xl (Applied Biosystems, Foster 7
City, CA, USA). The alleles were distinguished by differences in the molecular size 8 using the Gene Scan 500LIZ (Applied Biosystems). Genotyping was performed using the 9
Gene Mapper Software v.3.7 (Applied Biosystems). 10
The amplification reactions were conducted for RAPD fingerprinting in a mixture 11 comprising DNA template (100ng/μL), DDW 16.0 μL, dNTP mixture (TaKaRa) 1.6 μL, 12 10x PCR buffer (TaKaRa) 2.0 μL, rTaq polymerase (TaKaRa) 0.2 μL and random primer 13 0.2 μL in 0.2 mL microtube. Amplification profiles were follows: initial step of 3 min at 14 95°, subsequent 30 cycles of 30s at 95°, 1 min at 36° and 1 min at 72°, followed by final 15 primer extension for 7 min at 72°. About 5 μL of PCR products were electrophoresed on 16 1.5% agalose gel and stained with ethidium bromide and photographed on a UV 17 transilluminator using a gel documentation system (UVP BioDoc-It TM Imagining 18 System, Cambridge, UK). primer. The PCR conditions were as follows: initial denaturation at 95° for 5 min, 28 touch-down profile of 1 min at 94°, 1min 30 s at 60 -55° (1° /cycle), and 2 min at 72° 29 followed by 30 cycles with annealing temperature held at 54°. The reaction was 30 completed by a final extension at 72° for 7 min. The PCR products were purified using 31
AMPure Kits (Beckman Coulter, Brea, CA, USA) and the purified products were 32 sequenced with PCR primers using BigDye Terminator v3.1 Cycle Sequencing Kit 33 (Applied Biosystems). The sequence products were purified using Clean SEQ (Beckmanncsu.edu/BioEdit/bioedit.html), and the alleles were identified when no or only one 1 double-peaked site was observed. When two or more double-peaked sites were detected, 2 the PCR product was cloned again using the TA Cloning Kit (Invitrogen, Paisley, UK), 3 and each allele per clone was identified. by a final extension at 72° for 7 min. The PCR products were purified using AMPure 15 Kits (Beckman Coulter), and the purified products were sequenced using PCR primers 16 and the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). The 17 sequence products were purified using Clean SEQ (Beckman Coulter) and resolved on 18 ABI PRISM 3130xl (Applied Biosystems). The sequences were aligned using ClustalW 19 in the program BioEdit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html), and alleles 20 were identified when no or only one double-peaked site was observed. When two or more 21 double-peaked sites were detected, the PCR product was cloned using a TA Cloning Kit 22 (Invitrogen), and alleles were identified in the clone. 23 24
Data analysis 25
We conducted maximum likelihood (ML) phylogenetic analysis by using MEGA 5 26 (Tamura et al., 2011) . The best-fit substitution models indicated that the Kimura 27 2-parameter＋discrete gamma model (Kimura, 1980; Yang, 1994) was the best fit 28 implemented in MEGA 5. Bootstrap analysis was performed on 1,000 replications in the 29 phylogenetic tree. We obtained Cobitis biwae (RAG-1:AB531299, IRBP-2: AB531238),
30
Cobitis striata (RAG-1: AB531286, IRBP-2: AB531223) and Acantopsis choirorhynchos 31 (RAG-1: AB531313, IRBP-2: 531254) as the outgroup from DDBJ/GenBank/EMBL. The 32 genetic distance between the groups was also calculated using MEGA5 against the 33 p-distance.
34 Table 2 shows the genetic groups inferred from mtDNA-CR RFLP haplotypes and the 1 partial sequences of all the loach specimens examined. Clone-specific mtDNA-CR 2 haplotypes (III-1 or III-2) were detected in six out of 12 samples from site no. 1, one out 3 of 9 samples from site no. 7, and six out of nine samples from site no. 11. No 4 clone-specific mtDNA-CR haplotypes were detected in specimens from other sampling 5 sites. 6
When microsatellite genotyping was performed at five different loci in 7 above-mentioned samples, five candidates from site no. 1 were identified as clone 1, 8 because they exhibited microsatellite genotypes identical to the reference control of 9 clone 1 and other samples gave polymorphic variations (Table 3) . On the other hand, 10 clone 2 was found in site no. 7, and clones 3 and 4 were detected in site no. 11 (Table 3) . 11
Clonal individual was not detected by microsatellite genotyping in other candidates 12 from site no. 11, although they had clone-specific mtDNA-CR III-1 or III-2 haplotype 13 (Table 2, 3). A naturally triploid individual (fish no.7 from site no. 1) harbored two 14 microsatellite alleles specific to clone 2, which may presumably be a spontaneous 15 triploid progeny of clone 2 (Table 3) . 16 RAPD-fingerprinting with three different random primers (Wako-01, OPA-11 and 17 OPA-12) verified genetically identical characteristics of five candidates from site no.1 18 (clone 1), one candidate from site no.7 (clone 2) and two candidates from site no. 11 19 (clone 3 and 4), because they gave fingerprints identical to that of reference control 20 samples of clone 1-4 ( Fig. 1) . Triploid sample (no.7 from site no. 1; lane 12 in left gels) 21
gave DNA fingerprints comprising all fragments of clone 2 and additional fragments 22 (Fig. 1) . Genetic variation was found by RAPD fingerprinting in other diploids from site 23 no. 1, 7 and 11 (Fig. 1 ). Several samples that had clone-specific mtDNA-CR III-1 or III-2 24 haplotype also gave polymorphic fingerprints (Fig. 1) . 25
The 527-bp RAG1 gene sequence was determined in 52 individuals of M. Rag1-01/Rag1-11, Rag1-01/Rag1-12) for the RAG1 alleles of the sub-clade B-1. All these 9 genotypes had mtDNA-CR sequences classified in the B-1 group. Loaches from site no.8 10 were either homozygous (Rag1-13/Rag1-13) or heterozygous (Rag1-13/Rag1-14, 11
Rag1-13/Rag1-16, Rag1-14/Rag1-15) for the RAG1 alleles of the sub-clade B-2. All these 12 genotypes contained an mtDNA-CR classified as B-2. In 13 loaches from site no. 1, five 13 wild-type diploids were either homozygous (Rag1-05/Rag1-05) or heterozygous 14 (Rag1-03/Rag1-04, Rag1-04/Rag1-05, Rag1-05/Rag1-06) for the RAG1 alleles of clade A.
15
The wild-type diploids with RAG1 alleles of the clades A, B-1, and B-2 were categorized 16 into genetic groups A, B-1, and B-2, as inferred from mtDNA-CR, respectively (Table 2) . 17
On the other hand, clonal diploid loaches from site nos. 1, 7, and 11 showed the 18 characteristic RAG1 genotype: all clonal individuals were heterozygous for clade A and The inter-clade genetic distance for RAG1 (2.6 ± 0.6%) estimated in the present 35 study was slightly higher than the inter-specific genetic distance reported for several F1 hybrids between two bisexual species produced unreduced eggs, a few of which 23 initiated gynogenesis in nature (Choleva et al., 2012) . The formation of unreduced 24 diploid eggs has also been reported in inter-specific hybridizations in Salmo (Johnson 25 and Wright, '86), Oryzias (Shimizu et al., 2000) , Lepomis (Dawley et al., '85) and in the 26 inter-generic hybridization between Carassius and Cyprinus (Liu et al., 2001) . As a 27 cytological mechanism responsible for unreduced oogenesis, premeiotic endomitosis has 28 been proposed because natural clonal diploid loaches were shown to form unreduced 29 diploid eggs through this mechanism (Itono et al., 2006) , probably occurring at an early 30 germ cell stage (Yoshikawa et al., 2009；Morishima et al., 2012 . 31
In specimens from site no. 11 (Hannoura, Notojima, Nanao City, Ishikawa 32 female with clone-specific mtDNA and a clade B male (Fig. 4 ) and these diploid eggs 22 infrequently develop into triploid fish with genotype ABB: a haploid sperm from a 23 wild-type male from clade B was thus accidentally incorporated into an unreduced 24 diploid egg (genotype AB) of the clonal diploid (Fig. 5) . These clone-derived triploid 25 loaches (genotype ABB) are known to produce haploid eggs by meiotic hybridogenesis 26 (Morishima et al., 2008b) , i.e., elimination of an unmatched chromosome set from clade 27 A and pairing between two chromosome sets from clade B, followed by quasinormal 28 meiosis (Fig. 5) . Thus, the occurrence of wild-type diploid loaches with chromosome sets 29 of clade B and a mtDNA-CR of group A in site no. 11 is well explained by this meiotic 30 hybridogenetic mechanism. Consequently, the formation of triploids from clonal 31 lineages and the subsequent reproduction through meiotic hybridogenesis presumably 32 produce bisexually-reproducing diploid loaches with clone-specific mtDNA. Therefore respectively. Lane 5, blank. Lanes 6 -13 denote fish no. 1 -8 from site no.1 (see Table 1  3 and 2). Central gels: Lanes 1 -3 denote fish no. 7, 8 and 9 from site no. 7 (see Table 1  4 and 2). Right gels: Lanes 1-4 denote reference control samples of clone 1, 2, 3 and 4, 5 respectively. Lane 5, blank. Lanes 6 -13 denote fish no. 1 -9 from site no. 11 (see Table 1  6 and 2). M in a gel indicates size marker. Left bars also indicate molecular size marker of 7 3.0, 1.5, 1.0 and 0.5 kbp. 
